Previous studies by the authors have used thin-layer chromatography to demonstrate the ability of chiral low molecular weight carboxylic acids to undergo spontaneous oscillatory chiral conversion in abiotic (aqueous and nonaqueous) solutions. General mechanisms of this conversion were proposed, taking into account the enol/enolate anion intermediary species. This study provides the first experimental evidence of the spontaneous oscillatory chiral conversion of phenylglycine (Phg) with use of the chiral high-performance liquid chromatography with diode array detection. Moreover, this study provides the results of an auxiliary non-chromatographic experiment that might serve as evidence of the accumulation and relatively long lifetime of the enol/enolate anion species derived from Phg.
Introduction
The remarkable phenomenon of spontaneous in vitro oscillatory chiral conversion of selected profens, amino acids and hydroxy acids has been in the focus of many studies for some time (1) (2) (3) (4) (5) . Most of these oscillatory chiral conversions were traced for the low molecular weight carboxylic acids dissolved in 70% aqueous ethanol, although in several instances the nonaqueous solutions have also been examined.
If chiral conversion of the selected carboxylic acids is considered in aqueous solution, then it can be presented as (6) : (1) In anhydrous media and in the presence of trace amounts of water, the probable mechanism of chiral conversion is given as (7): (2) Upon an example of a propionic acid derived amino acid, one may consider the mechanism that possibly initiates spontaneous oscillatory chiral conversion. This can be the radical chain process, which is initialized, for example, by thermal energy, ultraviolet (UV) light, and/or chemical initiators of the radical chain reactions. The activation energy of the initiation process based on homolytic split of the C 2 H bond can additionally be facilitated by the solvation effects (8) .
The energy of the a-C 2 H bond (next to the carboxylic functionality of an amino acid) is below 100 kcal/mol, whereas quanta of UV light at 268 nm have an energy equivalent to approximately 100 kcal/mol, which is sufficient energy to split this bond, even at room temperature, as schematically shown in Eq. (3) (8):
Once initiated, the radical chain process spontaneously propagates [Eq. (3)], thus providing a pool of the fresh free radicals:
Based on the theory of the free radical reaction mechanisms, one also must anticipate the chain termination step, which stops propagation of the reaction chain, e.g., resulting in the recombination dimer given in the following:
The aim of this study is to demonstrate the spontaneous oscillatory chiral conversion of phenylglycine using chiral highperformance liquid chromatography with diode array detection (HPLC-DAD) and to provide auxiliary experimental results in favor of the mechanism given by Eqs. (1) and (2), emphasizing the key role played by the enolate ion/enol in the process of chiral conversion.
Experimental
Reagents L-Phenylglycine (L-Phg) and D-phenylglycine (D-Phg) of analytical purity were purchased from Sigma-Aldrich (St. Louis, MO; catalog numbers 237647 and P25485, respectively). Ethanol and 2-propanol used in this study were of HPLC purity (Merck, Darmstadt, Germany). Water used in the experiment was deionized and double distilled in the laboratory by means of Elix Advantage model Millipore system (Molsheim, France).
For the experiment demonstrating the spontaneous oscillatory chiral conversion of L-Phg and D-Phg, the mixture of these two amino acids was prepared in 2 mM copper(II) sulfatewater-2-propanol (95:5, v/v), with an 0.7 mg/mL (4.62 Â 10 23 mol/L) concentration of L-Phg and a 1.0 mg/mL (6.60 Â 10 23 mol/L) concentration of D-Phg. According to the instructions of the chromatographic column manufacturer, the binary amino acid sample was dissolved in the mobile phase, which was claimed as the only option applicable to this column.
Chiral HPLC -DAD
The chiral HPLC -DAD system was used to verify the spontaneous chiral conversion of L-Phg and D-Phg. The analyses were conducted using the Gyncotek liquid chromatograph (Gyncotek, Macclesfield, UK) equipped with the Gyncotek Gina 50 model autosampler, the Gyncotek P 580A LPG model pump, the Gyncotek DAD UVD 340U model diode array detector and the Chromeleon Dionex software, version 6.4, for data acquisition and processing. The analyses were conducted for 5 mL ali- 
Enolization test
Earlier studies conducted with use of thin-layer chromatography (TLC) (1 -5), the formation of enol or enolate ion [Eqs. (1) and (2)] was anticipated as intermediary structures in the chiral conversion scheme. In this study, an auxiliary experiment was devised, aiming to prove the formation of such structures.
To this effect, two amino acid solutions (L-Phg and D-Phg) were prepared in 70% ethanol; their concentrations were equal to approximately 3.3 Â 10 24 mol/L. Each solution was poured onto a Petri dish (i.d. 3.6 cm) to make an approximately 3 mm thick liquid layer, and the dish was covered with a transparent polyethylene foil to prevent the solvent from evaporating. The dishes with the solutions were placed in the TLC darkroom and continuously illuminated with UV light at the wavelength of 254 nm. The darkroom was additionally illuminated with a dim white light from a simple microscope coupled with the computer (Â25 enlargement), which focused on the surfaces of the Petri dishes. Videos and snapshots of the solution surfaces were recorded in a semi-continuous mode. Figure 1 shows the experimental evidence of the spontaneous and non-monotonous peak height changes valid for the separated L-Phg and D-PhG species. These peak height changes can be regarded as equivalent to the spontaneous and nonmonotonous concentration changes of the investigated enantiomers. The most spectacular phenomenon is the gradual coalescence of the two enantioseparated L-Phg and D-Phg peaks. The state of almost full coalescence is obtained after approximately 6 h and lasts for a relatively long period of time (approximately 12 h). The gradual decoalescence follows. The total experiment time is approximately 44 h. The central part of the plot given in Figure 1 illustrates the period of almost full coalescence, and the plots on the left and right sides show the periods for which the enantioseparation is obtained.
Results

Chiral HPLC-DAD
The DAD system allows continuous registration of the UV spectra of the two separated Phg peaks and of the single coalesced peak. Because the process of chiral conversion was conducted in aqueous solution, one spectrum type observed with each of the two separated amino acid peaks was ascribed to the L-Phg and D-Phg anions (maxima at 213.3 and 251.3 nm; Figure 2A ) and the other spectrum type observed with the single coalesced peak was ascribed to the Phg-derived enolate anion (maxima at 228.5 and 251.3 nm; Figure 2B ).
Enolization test
The enolization test was performed in the following way. After approximately 3 h from the preparation of the fresh L-Phg (or D-Phg) solution in 70% ethanol (and from an instantaneous start to UV irradiation), numerous blinking spots of microscopic size (approximately 50 mm in length) were recorded on the surface of the solution; these were invisible without optical enlargement. Enlarged, this blinking looked like a powerful eruption of white light at sub-1-Hz frequency. These spots often continued blinking in the same place for longer periods of time (e.g., for several dozens of minutes), but occasionally they selfextinguished after a relatively short while. However, new blinking spots appeared without interruption in other places on the surface of the solution and the phenomenon was even observed for several consecutive days. Figure 3 shows a snapshot of the surface of the L-Phg solution with many white blinking spots on it. With the D-Phg solution, the observed effect was fully analogous.
Discussion
Chiral HPLC-DAD
Earlier experiments managed to demonstrate the stereolability and resulting oscillatory chiral conversion of low molecular weight carboxylic acids (amino acids included) in abiotic (aqueous and nonaqueous) systems by means of chiral TLCdensitometry (1 -5) . This study demonstrates the spontaneous and nonmonotonous chiral conversion of L-Phg and D-Phg in an abiotic system by means of chiral HPLC -DAD. With a freshly prepared L-Phg -D-Phg mixed sample, two well separated antimer peaks were observed, which underwent coalescence after a certain period of time. According to the literature (9), this coalescence captures the moment of interconversion. After a period of coalescence lasting 12 h, the decoalescence followed. Thus, in spite of a widespread conviction about the general instability of enol/enolate anions as intermediary structures in chiral conversion, it seems that with L-Phg and D-Phg, this particular structural form is relatively stable (because the coalescence of the two peaks lasts for approximately 12 h).
To confirm the attribution of the two UV spectra given in Figures 2A and 2B to L-Phg and D-Phg anions on one hand and to the Phg-derived enolate anions on the other, an examination was conducted of the reference UV spectra of ethylbenzene (no double bond in its structure) (10) and styrene (structural analog of ethylbenzene, with one double bond per molecule) (11) . The respective UV spectra of these two compounds were registered at 308C in n-heptane. These data show that the two UV absorption maxima for ethylbenzene appear at 262 and 272 nm and those for styrene appear at 281 and 291 nm. Thus, it is evident that the conjugation of the phenyl p-electron system with p-electrons from the double bond of styrene results in the batochromic effect (compared with the UV spectrum of ethylbenzene). From the results for ethylbenzene and styrene, an indirect confirmation emerged that the UV spectrum registered with the use of the DAD detector in the lower absorption range (Figure 2A ; maxima at 213.3 and 251.3 nm) can probably be ascribed to the L-Phg and D-Phg anions, and that in the higher absorption range ( Figure 2B ; maxima at 222.8 and 251.3 nm) to the Phg-derived enolate anion.
Enolization test
The interpretation of the results of the enolization test (i.e., of the appearance of the persistently blinking spots on the surface of the L-Phg and D-Phg solutions) takes into the account the following steps: (i) initiation of the radical chain reaction through the UV irradiation of the amino acid solution at the wavelength of 254 nm [resulting in the elevated quantum yields of free radicals, as given in Eq. (3)]; (ii) accumulation of the amino acid derived enols/enolate anions formed from the free radicals [according to Eq. (4)]; and (iii) excitation of the conjugated phenyl -enol/enolate anion p-electron system of Phg with UV light (hn 1 ), followed by the lower energy emission (hn 2 ) in the visible light range (as shown in the following equation):
The following facts act in favor of such interpretation of the observed fluorescence. First, a conjugated p-electron system involving the aromatic substituent stabilizes the enol/enolate ion structure. Second, the analogous experiments (with an analogous outcome) have been performed in the authors' laboratory with S(þ)-naproxen and S(þ)-ketoprofen solutions (both low molecular weight chiral carboxylic acids with a proven ability to undergo oscillatory chiral conversion and having aromatic substituents on the a-C atom). Finally, because of the spontaneous peptidization of Phg and the accumulation of oligopeptides in the solution (12) , these condensation products start acting as templates, which attract and stabilize the Phg-derived enols/enolate ions, making their white light blinking perceptible as the fluorescence energy emission. Thus, the results of this auxiliary enolization test seem to confirm the longevity of the Phg-derived enol/enolate ion, chromatographically perceived as the coalescence of the single chromatographic peak lasting 12 h.
Conclusions
This study provides the first experimental evidence of the spontaneous oscillatory chiral conversion of Phg in abiotic aqueous systems with the use of chiral HPLC-DAD. The relatively long lifetime of an intermediate species (most probably the enol/ enolate anion) is demonstrated, contrary to a widespread opinion about the short lifetime of such species. An auxiliary (non-chromatographic) experiment is also performed, which serves as a confirmation of the longevity of the L-Phg and D-Phg derived enol/enolate ion species. With several other low molecular weight chiral carboxylic acids (including amino acids different from Phg), the phenomenon of chiral conversion was also demonstrated, but only with the aid of TLC.
